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The magnetic s u s c e p t i b i l i t i e s  of  monoselenides of Gd, Nd, Ce, Yb, 
and Sm and snonotel lur ides  of  Yb, Ce, and Sm and GdTe2 have been measured 
a t  temperatures  from 2 t o  300 K i n  app l i ed  magnetic f i e l d s  up t o  3 ,4  T, 
With t h e  except ion  of  GdTe2 a l l  were found t o  have negat ive  paramagnetic 
Curie temperatures  i n d i c a t i v e  of an t i fe r romagnet ic  ordering.  Spontaneous 
rnagnetization was observed i n  CeSe a t  and below 4 K. The e f f e c t i v e  mag- 
n e t i c  moment pe r  atom agrees  i n  most cases  wi th  t h a t  ca l cu la t ed  f o r  t h e  
t r i p o s i t i v e  r a r e  e a r t h  i on .  

Magnetic and e l e c t r i c a l  measurements have been made on numerous r a r e  
e a r t h  compounds i n  r e c e n t  yea r s .  The r a r e  e a r t h  chalcogenides a r e  o f  i n -  
t e r e s t  p a r t l y  because they  inc lude  bo th  ferromagnet ic  and an t i fe r romagnet ic  
i n s u l a t o r s  ( 1 ) .  VanHouten ( 1 )  and Argyle ( 2 )  have rneasured t h e  magnetiza- 
t i o n  of  Eu chalcogenides,  Busch e t ,  a l .  (3, 4, 5) have measured t h e  mag- 
n e t i z a t i o n  of  r a r e  e a r t h  phosphides and a r sen ides ,  and Reid e t ,  a l ,  (11)  
have rneasured e l e c t r i c a l  conduct iv i ty  i n  r a r e  e a r t h  s e l en ides  and t e l l u r i d e s ,  
I a n d e l l i  (6), Admyan and Loginov (8, 91, and Woltzberg e t a  a l ,  (7) have 
a l s o  performed magnetic rrneasurernerits on t h e  r a r e  e a r t h  chalcogenides and 
t h e  p e r t i n e n t  r e s u l t s  of t h e s e  i n v e s t i g s t i o n s  a r e  summarized i n  t a b l e  I. 
A comprehensive review of  t h e  sub jec t  has  been made by Gibson and Harvey 
(10). The p re sen t  work inc ludes  rfieasureri~entx on s e v e r a l  compounds not  
p rev ious ly  r epo r t ed ,  extends the rneasuren~ents of  I a n d e l l i  (6)  t o  2 K,  and 
cor robora tes  t h e  work of  Adanyan and Loginov (8, 9). 

A Foner v i b r a t i n g  sam;?le magnetometer (14)  has  been employed t o  d e t e r -  
mine t h e  magnetic moments of t h e  fol lowing r a r e  e a r t h  chalcogenides: GdSe, 
NdSe, XmSe, CeSe, ToSe, YtJTe, CeTe, SmTe, and GdTe** A l l  are cubic ( ~ a ~ l )  
except  GdTe2 wliich is te t ra .gonal ,  All sar,iples were i n  powder form, The 
mornelits were measured i s o t h h e r ~ a l l y  wi th  the sarrip.Les maintained a t  ternpera- 
t u r e s  beJcveen 2 and 300 K -  "Z'ae a p p i ~ e d  li~aglle-i~c i l e ~ d .  was v a r i e d  from 0 
to 3.11 T. 



The d a t a  a r e  presented  a s  iaotherrns of o vs HI and I/X vs  T 
f o r  a11 sarfiples, and a,dditiorialEjr a s  i s o f i e l d s  of cr vs T f o r  @Be, 
SmSe, NdSe, and GdTe2. For purposes of c la r i ty  only s e l e c t e d  isothernls 
a r e  shown. The t ransiJcion ternpera.tures and e f f ec t l i ve  magnetic monents 
pe r  atom a r e  t a b u l a t e d  i n  t a b l e  I. NdSe, GdSe, and SmSe a r e  a n t i f e r r o -  
magnetic w i th  w e l l  def ined  Nehl temperatures ,  The evidence i s  con- 
f l i c t i n g  f o r  CeSe, which has  a spontaneous morilent b u t  a l s o  sorne charac- 
t e r i s t i c s ,  e .  g . ,  a nega t ive  paramagnetic Curie temperature,  of a 
c l a s s i c a l  ant i ferrornagnet .  

NdSe was found t o  be an t i fe r romagnet ic ,  The magnet izat ion curves,  
F ig .  1, show a s l i g h t  curva ture  a t  2 and 4 K i n d i c a t i n g  some f i e l d  de- 
pendence of t h e  s u s c e p t i b i l i t y  o r  an t i fe r romagnet ic  satu.rat ion.  The I/X 
vs  T and a vs T p l o t s ,  Fi b. 2 and 3, show t h e  Ne61 temperai-ilre t o  be  
11 K and y i e l d  t h e  va lue  of tf = 3 0  5 8  Ext rapo la t ing  t h e  l / X  vs  T 
curve u.sing only t h e  da t a  below $00 K y i e l d s  a TQ which i s  i n  b e t t e r  
agreement w i th  t h a t  o f  Adamyan and Loginov (8); however, it i s  f e l t  t h a t  
ex t r apo la t ion  o f  t l ie h igh  temperature da t a  i s  more meaningful s i n c e  i n  
?h i s  reg ion  t h e  sample i s  preswrlably f r e e  of  any spontaneous order ing .  

GdSe d isp layed  no evidence of  f i e l d  dependent s u s c e p t i b i l i t y  o r  
spontaneous magnet izat ion,  The e f f e c t i v e  moment pe r  atom agrees  w e l l  
w i th  theory and t h e  r e s u l t s  of o the r  i n v e s t i g a t o r s ,  The Ne6l temperature 
was found t o  be 68 K.  The a d d i t i o n a l  peak i n  c vs T, Fig.  6, a t  15 K 
and t h e  shape of  l / X  vs T, Fig .  5, i n d i c a t e  t h e  p o s s i b i l i t y  of r a t h e r  
coniplex magnetic order ing  and perhaps t h e  presence o f  an i ~ x p u r i t y  phase. 

The SrnSe e x h i b i t s  no spontaneous moment bu t  sorne curva ture  i n  t h e  
magnet izat ion i s  ev ident  a.t low t enpe ra tu re s ,  Fig. 7. The pzfe, which 
agrees  w e l l  w i th  t h a t  of  I a n d e l l i  (G), i s  considerably g r e a t e r  han t h a t  
p red ic t ed  by theory  pT = 0.86. Srln has an e x c i t e d  s t a t e  very  near  t h e  

f f ground s t a t e ,  b u t  a ca fcu la t ion  by VanVleck and Frank (13)  t ak ing  t h i s  
i n t o  account y i e l d s  only yT = 1.55. No explanat ion f o r  t h i s  discrepancy 

e f f -  i s  o f f e r e d  he re ,  nor i n  t h e  work of I a n d e l l i  (6)- The Ne&l ternperature of  
65 K and t h e  shape of  1 /X vs T, Fig ,  8, be:Low 100 K suggest  t h e  poss i -  
b i l i t y  of some a d d i t i o n a l  rfiagnetic order ing  a t  loxi temperatures .  

The only co~npound s t u d i e d  which d isp layed  a spontaneous magnetiza- 
t i o n  was CeSe. This  i s  i n  agreeilient wi th  Adamyan and Loginov (9); how- 
ever ,  i n  t h i s  i n v e s t i g a t i o n  a sgontaneous tio~nent was not  observed a t  8 K 
o r  above, Fig. 1.0, The shase of 1 / ~  vs 'I?, Pig .  11, and negat ive  Tg 
a r e  c h a r a c t e r i s t i c  o f  an t i fe r romagnet lc  order ing ,  Ho'rrever , a peak i n  o 
vs T trbicli would de f ine  a ~ e k l  tein2erature Tias not observed. A f a n  
type  antifesrorclagnetic s t r u c t u l e  !?as t h i s  type  behavtor and s e e m  t o  be a 
l i k e l y  p o s s i b i l i t y .  



Tile d8ia f o r  -fiSe and. u ~ T e  ar i- q u t i c :  sirili ia.tq, A ;; l g ' i ~ t  i'i ehd de- 
pendence of X i s  ev ident  a t  low iemperatures  , Figs, 1.2, 14, Although 
a ,lYe\el temperature could not  be deterriined ir? e i t h e r  case ,  t h e  shape o f  
l / X  vs  T, F igs ,  13, 15, and t h e  negat ive TQ a r e  i n d i c a t i v e  of a n t i -  
f e r ronagne t i c  order ing ,  probably w e l l  below 4 K .  Tile dtscrepancy be- 
tween pE and pT i s  probably due t o  t h e  tendency of t o  use  
t h e  5d e fQgtron  t o  ~ f f l  t h e  4f s h e l l .  

CeTe d isp layed  a s l i g h t  f i e l d  dependence o f  X below 4 K, F ig .  16, 
bu t  no spontaneous morient . Again t h e  shape of 1 / ~  v s  T, F ig .  17, and 
t h e  negat ive  TQ i n d i c a t e  t h e  p o s s i b i l i t y  of an t i fe r romagnet ic  o rde r ing  
below 4 K.  The e f f e c t i v e  rnoment pe r  atom agrees  w e l l  w i th  - t heo re t i ca l  
p r e d i c t i o n  and wi th  t h e  r e s u l t s  of  Adamyan and Loginov ( 9 ) .  Our extrapo-  
l a t i o n  t o  TQ was made us ing  t h e  high temperature d a t a  (50 t o  300 K )  
whi le  Admyan and Loginov ex t r apo la t ed  from 77 K.  Ex t r apo la t ing  our  d a t a  
below 100 K y i e l d s  TQ = -5 K.  

The 1 / ~  v s  T curve, F ig .  19, f o r  GdTe2 has t h e  shape and p o s i t i v e  
i n t e r c e p t ,  Tg, which a e  c h a r a c t e r i s t i c  o f  ferromagnet ic  order ing .  
However t h e r e  i s  no evidence of  a spontaneous moment and t h e  magnetiza- 
t i o n  curves,  F ig ,  18, d~ n o t  show t h e  f i e l d  dependent s u s c e p t i b i l i t y  of 
a ferromagnet,  There i s  a l s o  no i n d i c a t i o n  of a ~ e k l  terfiperature, F i g ,  20, 
The magnet izat ion curves %&re l i n e a r ,  rznd have a ch%nge i n  s lope  a t  a 
temperature-independent f i e l d ,  F ig .  18, No explana t ion  f o r  t h i s  behavior  
i s  o f f e r e d  he re ,  except  t o  suggest  t h e  p o s s i b i l i t y  of an iso t ropy  e f f e c t s ,  

SmTe does not  e x h i b i t  a spontaneous moment o r  a peak i n  a v s  T 
which would d e f i n e  a NeLl t e n l p e r a t u ~ e -  However, t h e  shape o f  1 / ~  vs  T, 
F ig .  22, and t h e  l a r g e  nega t ive  TQ a r e  c h a r a c t e r i s t i c  of  a n t i f e r r o -  
magnetic order ing .  As  i n  t h e  case of SmXe, pEff i s  i n  agreement w i th  
t h e  r e s u l t s  o f  I a n d e l l i  (6)  and both a r e  greaty'y i n  excess  of  t h e  t h e o r e t -  
i c a l  p r e d i c t i o n .  

The magnetic behavior  o f  t h e s e  co~ipounds i s  apparent ly  q u i t e  complex 
and no t  r e a d i l y  resolved through s u s c e p t i b i l i t y  measurements, e s p e c i a l l y  
on powder samples which t e n d  t o  rnasl.; an iso t ropy  e f f e c t s .  S u s c e p t i b i l i t y  
measurements on s i n g l e  c r y s t a l s  would be u s e f u l  perhaps,  However, neutron 
d i f f r a c t i o n  work on s i n g l e  c r y s t a l s  would be t h e  b e s t  way t o  determine 
t h e i r  magnetic s t ruc tuye ,  

IIA app l i ed  magnetic f i e l d ,  t e s l a  

i n t e r n a l  magnetic f i e l d ,  t e s l a  



T temperature, K 

T~ ~ e L l  temperature, K 

Te paramagnetic Curie temperature, K 

e f f e c t i v e  magnetic moment, Bohr magnetons per atom, experimental 
'eff 

e f f e c t i v e  magnetic moment, Bohr magnetons per atom, t h e o r e t i c a l  
'ef f 

G magnetic moment cgs u n i t s  per  gram 

X s u s c e p t i b i l i t y  
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FIGURF, 1 NdSe HI Tesla 
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FIGURE: 2 NdSe T OIC 
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FIGURE 4 GdSe '1 Tesla 
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FIGURE 5 GdSe T OK 

0 20 40 60 80 100 2.20 ,140 I60 
FIGURE 6 GdSe T OK 
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FIGURE 7 SmSe HI Tesla 
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F I G U R E  8 SmSe T OK 
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FIGURE 9 SmSe T OK 
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FIGURF: 10 CeSe HI Tesla 



1.2 

1 . G  

0.8 

EC 
2 0 . 6  
0 
r i  

0 . 4  

0 . 2  

0 
0 30  60 90 120  150 180 210 240 270 300 

FIGURE 11 CeSe T OK 
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FIGURE I2 YbSe HI Tesla 
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FIGURE 13 YbSe T OK 
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FIGURE 1 4  YbTe HI T e s l a  
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FIGURE 16 CeTe HI Tesla  
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FIGURE 19 GdTe2 T OK 



FIGURE 21 SmTe HI Tesla 

F I G U R E  22 SmTe T OK 


